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The increasing interest in unconventional computing has created new possibilities for using
living biological systems along with electronic devices. Physarum polycephalum,
commonly known as slime mould, is one such organism that has gained attention because
of its unique growth pattern, environmental responses and electrical activity. These
properties make it an interesting biological system for studying information processing and
bioelectronic devices. This review focuses on the reported memristive behaviour of P.
polycephalum and its possible use in biological and hybrid computing systems. The review
discusses the basic electrical characteristics of the organism, its interaction with electrodes
and the factors that can influence its electrical response. Its potential applications in
sensing, unconventional computing, adaptive information processing and neuromorphic
systems are also considered. At the same time, using living slime mould as an electronic
component presents several challenges. Variations in biological conditions, device
preparation, electrical measurements and maintenance of the organism can affect the
reproducibility of the system. There are also questions regarding the exact mechanism
responsible for the reported memristive behaviour. Future studies should focus on better
standardisation, understanding the underlying mechanisms and developing reliable
biohybrid devices. Overall, P. polycephalum provides an interesting approach for exploring
the connection between living systems and emerging electronic technologies.

Introduction
Background

The rapid development of artificial intelligence (Al) has
increased the need for computing systems that can
process information efficiently and adapt to complex
inputs. In conventional systems, memory and processing
are mainly separated, which can increase the movement
of information between them. This has encouraged
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interest in neuromorphic and other alternative computing
approaches. Memristive devices are important in this area
because their electrical state can depend on previous
stimulation, allowing memory and signal processing to
occur within the same system (Tzouvadaki et al., 2023;
Wang et al., 2023).

Unconventional computing also explores computation
using physical, chemical and biological systems.
Biological organisms are particularly interesting because
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they can respond to environmental conditions and
reorganise their structure. Physarum polycephalum has
therefore been studied for biological computation,
sensing and network-based information processing
(Adamatzky, 2015).

Biological Computing and Memristive Systems

Biological materials can interact with electrical signals
and may show responses related to their previous state.
This has encouraged the development of bioelectronic
and biohybrid systems in which living components
provide sensing or adaptive functions. Gale et al., (2014)
reported  current—voltage  characteristics of P.
polycephalum protoplasmic tubes that were consistent
with memristive behaviour. Later, Tarabella et al., (2015)
incorporated P. polycephalum into a hybrid organic
electrochemical transistor and reported both transistor-
like and memristive-like operation.

However, the interpretation of these responses requires
caution. Schmidt et al., (2025) reported mainly elliptical
I-V characteristics in their P. polycephalum samples and
showed that resistor—capacitor models could reproduce
the observed behaviour. Thus, some responses previously
considered memristive may have alternative electrical
explanations.

Why Physarum polycephalum?

Physarum polycephalum is of interest because it is a
large multinucleate plasmodium with a dynamic network
of protoplasmic tubes. It can change its structure and
behaviour in response to environmental conditions,
making it useful for studies of unconventional computing
and sensing (Adamatzky, 2015; Taylor et al., 2015). Its
ability to remain alive while being connected to
electrodes has also allowed its use in experimental
bioelectronic systems. Previous studies have investigated
its electrical behaviour and integration into hybrid
devices (Gale et al., 2014; Tarabella et al., 2015;
Dimonte et al., 2016). Practical studies have also
highlighted the need for suitable culture systems and
standardisation (Braund and Miranda, 2017; Miranda and
Braund, 2017).

At present, P. polycephalum should not simply be
considered a biological replacement for conventional
memristors. Its electrical response depends on biological
and experimental conditions, and the reported memristive
behaviour remains under discussion.

Objective and Scope of the Review

This review discusses the biology and electrical
properties of P. polycephalum, with emphasis on its
reported memristive behaviour. It covers its interaction
with electronic components, factors affecting its
electrical response and possible applications in
unconventional computing, sensing and neuromorphic
systems. The review also discusses current limitations,
conflicting evidence and the need for better
standardisation and mechanistic understanding.

Memristors and Biological Memristive Systems
Fundamentals of Memristors

A memristor is generally described as a two-terminal
device whose electrical resistance depends on its
previous state. Unlike an ordinary resistor, its
conductance can change according to earlier electrical
stimulation, giving it memory-related properties (Wang
et al., 2023; Tzouvadaki et al., 2023).

A commonly studied characteristic is the pinched
hysteresis loop in an [-V plot. Such a response indicates
that the electrical state may depend on previous
stimulation. However, hysteresis alone does not prove
memristance because capacitance and other electrical
effects can also produce loop-shaped or elliptical curves.
This is especially important when studying biological
materials (Gale et al., 2014; Schmidt et al., 2025).

Memristors in Neuromorphic Computing

Memristors are being studied in neuromorphic computing
because their conductance can represent information
while also participating in signal processing. This is
relevant to artificial synapses, where the strength of
connections changes according to previous activity. Such
history-dependent behaviour has made memristive
devices useful for investigating brain-inspired computing
and bioelectronic interfaces (Wang et al, 2023;
Tzouvadaki et al., 2023).

Biological and Biohybrid Memristive Systems

Biological materials can act as active components in
bioelectronic systems rather than only serving as sources
of signals. Cells, tissues and other biological materials
can show electrical responses and changes related to their
physiological state.
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In biohybrid systems, biological material is combined
with electronic components. The biological part may
provide sensing or adaptive behaviour, while the
electronic part provides stimulation, measurement or
signal processing (Tzouvadaki ef al., 2023). However,
biological electrical activity should not automatically be
considered memristive; evidence for history-dependent
electrical behaviour is required.

Physarum  polycephalum as a
Memristive System

Biological

P. polycephalum has received attention as a possible
biological memristive system. Gale et al, (2014)
reported [-V characteristics of its protoplasmic tubes that
were consistent with memristive systems and suggested
that the living protoplasm contributed to the response.

Tarabella et al., (2015) later developed a hybrid device in
which P. polycephalum was interfaced with PEDOT:
PSS  (poly(3,4-ethylenedioxythiophene)  polystyrene
sulfonate). The device showed sensing and memristive
characteristics, demonstrating that the organism could be
incorporated into an electronic system.

Practical studies have also focused on growing and
maintaining slime mould bio-memristors and on
developing standardised receptacles (Miranda and
Braund, 2017; Braund and Miranda, 2017). These studies
shows that the biological condition of the organism is an
important part of device performance.

Evidence and Limitations of the Memristive
Interpretation

The interpretation of P. polycephalum as a biological
memristor remains uncertain. Gale et al., (2014) provided
early evidence for memristive-like I-V behaviour, but
Schmidt et al., (2025) obtained different results. Their
samples mainly showed elliptical I-V characteristics,
which could be reproduced using resistor—capacitor
circuits.

This difference suggests that biological preparation,
electrode arrangement and measurement conditions may
affect the observed electrical response. Therefore, P.
polycephalum is more appropriately described as a
biological system with reported memristive-like
behaviour rather than as an established biological
memristor (Gale et al., 2014; Schmidt et al., 2025).

Biological Memristors and Future Bioelectronic
Applications

Memristive systems are being explored for applications
that combine sensing, memory and computation. Bio-
voltage memristors have also been studied for
neuromorphic and biological interfaces (Wang et al,
2023).

Interest is not limited to slime mould. Fungal systems
have also shown electrical responses of interest for
bioelectronics, including recent work using shiitake
mycelium as a biological memristive material (Mayne et
al., 2023; LaRocco et al., 2025).

Overall, biological memristive research provides a
connection between biological activity and electronic
information processing. For P. polycephalum, further
controlled studies are needed to distinguish genuine
memristive behaviour from capacitive and other
electrical effects.

Physarum polycephalum: Biology Relevant to
Bioelectronics

Taxonomy and General Characteristics

Physarum polycephalum is a slime mould belonging to
the group Amoebozoa. Although commonly called slime
mould, it is not a true fungus.

It is known for its growth, movement and ability to
respond to environmental conditions (Adamatzky, 2015;
Reid, 2023).

Its ability to explore substrates and reorganise its network
has made it useful in unconventional computing and
biological information processing. Rather than
functioning only as a biological sample, the organism
itself can participate in information processing through
changes in its physical network (Adamatzky, 2015;
Taylor et al., 2015).

Plasmodial Stage

The plasmodium is the main stage of P. polycephalum
used in bioelectronic studies. It is a large multinucleate
mass containing interconnected protoplasmic tubes.
Cytoplasm continuously moves through this network,
allowing the organism to grow and reorganise.
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The tubes are important for bioelectronics because they
provide a living structure that can be connected to
electrodes. Changes in cytoplasmic movement and
network organisation can also affect the organism's
physiological and electrical state (Adamatzky, 2015;
Reid, 2023).

The ability of the plasmodial network to reorganise has
also led to its use in morphological and unconventional
computing, where information processing occurs through
physical changes in the organism (Adamatzky, 2015;
Taylor et al., 2015).

Life Cycle

The life cycle includes several stages, with the
plasmodial stage being most relevant to bioelectronics:

Spores — amoeboid/flagellated cells — fusion and
development — multinucleate plasmodium — fruiting
body — spores

Under suitable conditions, spores germinate and produce
motile cells, which can fuse and develop into the
multinucleate  plasmodium.  Under  unfavourable
conditions, the organism can undergo developmental
changes associated with survival.

Although the complete life cycle is biologically
important, electrical studies mainly use the living
plasmodial stage because of its extensive protoplasmic
network.

Physiological and Electrical Characteristics

Cytoplasmic streaming is one of the major physiological
features of the plasmodium. Continuous movement of
cytoplasm through the tubular network means that P.
polycephalum is a dynamic living system rather than a
static biological material.

Its membranes and ionic components also contribute to
its electrical properties. Electrical responses have been
measured when the plasmodium is connected to
electrodes, and previous studies have examined whether
these responses show memristive characteristics (Gale et
al., 2014; Tarabella et al., 2015).

The organism is also responsive to environmental
conditions such as light. However, a physiological
response to an environmental stimulus should not

automatically be considered evidence of memristance.
The exact connection between membrane activity,
cytoplasmic movement and the reported electrical
behaviour remains unresolved.

Overall, the multinucleate plasmodium, protoplasmic
network, cytoplasmic streaming and measurable
electrical activity make P. polycephalum useful for
bioelectronic studies. At the same time, these living
properties introduce variability that is not normally
present in conventional electronic materials.

Mechanistic Basis
Behaviour

of Physarum Memristive

The proposed memristive behaviour of P. polycephalum
is related to its living and changing physiological state.
Unlike conventional memristors, the organism contains
dynamic protoplasm, membranes and ionic components.
Earlier = studies reported  memristive-like -V
characteristics, whereas later work questioned this
interpretation (Gale et al., 2014; Tarabella et al., 2015;
Schmidt et al., 2025).

Electrical Stimulation and Biological Response

When voltage is applied across the plasmodium, current
passes through the biological material and is influenced
by both the protoplasm and the electrode interface. Gale
et al., (2014) reported I-V profiles consistent with
memristive systems and associated the response with
living protoplasm.

However, an electrical response alone does not establish
memristance. The shape of the [-V curve, dependence on
previous stimulation and other electrical effects must also
be considered.

Possible Role of Ionic and Membrane Processes

The plasmodium contains membranes and ionic
components that contribute to its electrical properties.
Electrical stimulation may therefore change ionic
movement or membrane activity and, in turn, alter the
effective conductance measured between electrodes. This
provides a possible explanation for history-dependent
behaviour. However, a specific ion-channel mechanism
has not been conclusively established. Tarabella et al.,
(2015) associated the response of their hybrid device
with membrane properties, but the exact biological
mechanism remains uncertain.
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Cytoplasmic Streaming and Dynamic
Conductance
Cytoplasmic streaming and continuous network

reorganisation may also influence the electrical pathway
through the organism. Changes in the active protoplasmic
network could alter the effective conductance between
electrodes.

This is related to the broader use of Physarum in
unconventional computing, where information can be
represented through changes in its physical network
(Adamatzky, 2015; Taylor et al, 2015). However,
morphological adaptation and electrical memristance are
not the same phenomenon.

From Biological State to Memory-Dependent
Response

A simplified proposed sequence is:

Electrical stimulus — physiological/electrical change —
change in biological state — possible change in
conductance — later response influenced by previous
state — memristive-like behaviour

The important feature is history dependence. If previous
stimulation changes the biological state, a later stimulus
may produce a different response. Gale et al., (2014) and
Gale et al., (2016) discussed this type of behaviour in
relation to slime mould memristors.

Pershin, La Fontaine and Di Ventra (2008) also proposed
a theoretical memristive model of amoeba learning.
However, this should be considered a conceptual model
and not direct experimental evidence for memristance in
P. polycephalum.

Evidence from Hybrid Physarum Devices

Tarabella et al., (2015) developed a hybrid living/organic
electrochemical transistor using P. polycephalum and
PEDOT: PSS. The system could show transistor and two-
terminal memristive operation. The authors related the
memory response to properties of the living cell.

This work is important because it shows that the
biological component can influence measurable device
behaviour. Studies by Braund and Miranda (2017) further
showed that culturing and maintaining the organism are

important  for bio-memristor

systems.

developing practical

Alternative Explanation: Capacitance and the
2025 Reassessment

A major problem in interpreting the reported behaviour is
that hysteresis-like I-V curves do not necessarily prove
memristance. Schmidt et al., (2025) reported that their P.
polycephalum samples mainly produced elliptical -V
characteristics and that resistor—capacitor circuits could
reproduce the observed responses.

This suggests that capacitance may explain at least some
of the electrical behaviour previously interpreted as
memristive. Therefore, controlled electrical models and
additional tests are needed to distinguish genuine history-
dependent resistance from capacitive effects.
and Current

Proposed Mechanism

Understanding

At present, the most suitable description is that P.
polycephalum may show a biologically mediated,
history-dependent electrical response involving its
protoplasm, membranes and physiological state. Ionic
processes and cytoplasmic activity may contribute, but
the complete mechanism is not established.

The 2025 study also shows that capacitance may explain
some reported responses (Schmidt et al, 2025).
Therefore, the current model is summarised in Fig. 3.

Memristive Behaviour of Physarum polycephalum

The electrical behaviour of P. polycephalum has attracted
attention because the living plasmodium can be directly
connected to electronic systems. Earlier studies reported
I-V characteristics resembling memristive behaviour,
while recent work has questioned whether these
responses are sufficient to establish true memristance.
Therefore, the electrical behaviour must be considered
along with the biological condition, electrode interface
and measurement conditions (Gale et al., 2014; Gale et
al., 2016; Schmidt et al., 2025).

Interface between Physarum and Electrodes

Electrical measurements require the plasmodium to be
connected to electrodes, usually through selected
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protoplasmic tubes. Gale et al., (2014) showed that the
living protoplasm could contribute to the measured
electrical response. Braund and Miranda (2017) later
highlighted the importance of standardised culture and
receptacle design.

Tarabella et al, (2015) also incorporated P.
polycephalum into a PEDOT: PSS-based hybrid
electrochemical transistor. These studies show that tube
geometry, electrode arrangement and biological
condition can affect the measured response.

Electrical Stimulation

Electrical stimulation involves applying voltage across
the plasmodium and measuring the resulting current.
Because the plasmodium is living, the response may
depend on its physiological state and the measurement
conditions.

Gale et al., (2014) reported memristive-like I-V profiles
but also observed variation between samples. Thus,
voltage, waveform, frequency and duration of stimulation
are important when comparing experiments.

I-V Hysteresis

Pinched hysteresis in an [-V curve is commonly
associated with memristive behaviour because the current
can depend on previous stimulation. Gale et al., (2014)
reported -V profiles of P. polycephalum consistent with
this behaviour.

However, hysteresis alone is not sufficient to prove
memristance. Schmidt et al., (2025) mainly observed
elliptical I-V curves and reproduced them using
resistive-capacitive circuits. Therefore, both the earlier
memristive interpretation and the later capacitive
explanation need to be considered.

Frequency Dependence

The frequency of stimulation can influence the electrical
response of biological systems. The presentation
associated with this review reports a preliminary
reduction in hysteresis-loop area with increasing
frequency.

However, this should be treated as a reported preliminary
trend rather than a fixed property of P. polycephalum.

Frequency-dependent responses can also arise from
capacitance, as shown by Schmidt et al, (2025).
Controlled measurements and suitable electrical controls
are therefore required.

Voltage Dependence

The voltage range can affect the shape of the -V
response. Earlier studies and the presentation used for
this review indicate that different voltage ranges may
produce different curve shapes.

However, changes in voltage may also affect the
biological state or electrochemical interface. Therefore, a
change towards a pinched-looking curve should not alone
be taken as proof of memristance.

Electrode Dependence

Electrode material can influence the electrical interface
between the living organism and the measurement
system. Tarabella et al., (2015) investigated Ag, Au and
Pt electrodes in their hybrid device.

The presentation associated with this review reports
different rectification values for these electrodes, but
these exact numerical values were not independently
verified from the original experimental dataset.
Therefore, they should be treated as presentation-
reported observations rather than general properties of P.
polycephalum.

Overall, electrode material and geometry should be kept
consistent when comparing experiments because the
electrode—organism interface can affect the measured
response.

Light and Environmental Conditions

Environmental conditions can influence the physiology
of P. polycephalum. Light is an important stimulus and
should therefore be controlled during electrical
measurements.

The presentation reports that light and dark conditions
did not significantly change the observed memristive [-V
curves, although some changes occurred in the
organism's natural electrical response. This suggests that
physiological effects and memristive measurements
should be considered separately.
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Temperature, humidity, nutritional condition,
illumination and culture conditions should be controlled
to improve reproducibility.

Temporal Stability

A major difficulty with living electronic components is
that their biological state changes with time. The
presentation reports that the memristor-like response
stopped after about seven days and that repeated voltage
application could cause the organism to abandon the
measured tube.

Braund and Miranda (2017) also highlighted the
importance of maintaining suitable biological conditions.
Therefore, the age, physiological state and physical
organisation of the plasmodium can influence device
performance.

Overall Interpretation of the
Memristive Behaviour

Reported

Earlier studies provide evidence for memristive-like
behaviour in P. polycephalum, while hybrid-device
studies show that the organism can be incorporated into
bioelectronic systems (Gale et al., 2014; Tarabella et al.,
2015). However, biological variability and measurement
conditions can affect the observed response. Most
importantly, Schmidt et al., (2025) reported mainly
elliptical -V characteristics that could be reproduced
using  resistor—capacitor  circuits.  Therefore, P.
polycephalum is better described as a biological system
with reported memristive-like electrical behaviour rather
than as an established biological memristor.

Further controlled studies are required to separate true
history-dependent  conductance  from  capacitive,
electrochemical and other biological effects. The use of
P. polycephalum in bioelectronics provides some
interesting biological properties, but these are also the
source of several limitations. Since it is a living and
changing system, its electrical behaviour is linked to
physiological and environmental conditions.
Other Biological and Microbial Memristive
Systems

Physarum polycephalum is not the only biological
system being investigated for bioelectronics and
memristive applications. Research has also examined
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fungal mycelium and microbial systems as electrical or
bioelectronic materials. However, these systems should
not all be grouped as biological memristors because the
type and strength of electrical evidence are different. For
example, electroactive bacteria are mainly studied for
extracellular electron transfer and biosensing, while
recent fungal studies have reported memristive behaviour
more directly (Mayne et al., 2023; LaRocco ef al., 2025).

Therefore, comparison with other biological systems is
useful for understanding whether the properties observed
in Physarum are unique or part of a wider trend in
biological electronics. The following table focuses only
on selected systems for which there is sufficient literature
support and separates demonstrated memristive
behaviour from broader bioelectronic applications.

Applications of Physarum-Based Bioelectronics

The biological adaptability and electrical activity of
Physarum polycephalum have led to its investigation in
unconventional computing and biohybrid electronics.
However, many of these applications are still
experimental and should not be considered established
technologies.

Neuromorphic Computing

Memristive devices are useful in neuromorphic
computing because their electrical state can depend on
previous stimulation. Since P. polycephalum can change
its physiological and electrical state in response to
stimuli, it has been considered as a possible biological
component for such systems (Wang et al, 2023;
Tzouvadaki et al, 2023). However, the reported
memristive behaviour is not yet fully established,
particularly after the findings of Schmidt et al., (2025).

Biological Information Processing

Physarum can sense environmental conditions and
reorganise its network in response. This has been used in
unconventional computing studies involving network
formation, sensing and biological control systems
(Adamatzky, 2015; Taylor et al, 2015). Thus,
information processing can occur through changes in the
organism's physical structure rather than through a
conventional processor. These behaviours should not,
however, be directly equated with human cognition
(Reid, 2023).
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Adaptive and Unconventional Computing

The changing plasmodial network of Physarum has been
explored for optimisation, network processing and other
forms of unconventional computation. Its ability to
reorganise according to environmental conditions makes
it an interesting adaptive computing substrate
(Adamatzky, 2015). The main difficulty is that biological
responses may vary between experiments, which affects
reproducibility.

Biohybrid Electronic Systems

P. polycephalum can be combined with electronic
materials to form biohybrid devices. Tarabella et al.,
(2015) demonstrated a living/organic electrochemical
transistor using Physarum and PEDOT: PSS, showing
sensing and memristive functions. Other studies have
also explored slime mould in hybrid electronic circuits
(Dimonte et al., 2016; Walter et al., 2016). Such systems
may allow the biological component to provide sensing
or adaptive behaviour while conventional electronics
handle signal processing.

Sensing Applications

The response of Physarum to environmental conditions
gives it potential as a biological sensing component. Its
physiological or electrical changes can be measured in
response to external stimuli (Adamatzky, 2015).
Applications such as pollutant detection and ecological
monitoring have been proposed, but these still require
further testing for sensitivity, specificity and
reproducibility.

Al-Related Potential

The possible connection between Physarum and Al
mainly comes from its adaptive behaviour and
unconventional information processing. It may be useful
as a biological computational element within a larger
electronic or neuromorphic system rather than as an
independent Al system (Adamatzky, 2015; Tzouvadaki
et al., 2023). Therefore, Al-related uses should currently
be considered future possibilities rather than established
applications.

Potential Advantages

One important feature of P. polycephalum is its ability to
reorganise its protoplasmic network according to

environmental conditions. This allows forms of
distributed sensing and information processing without a
central control system (Adamatzky, 2015; Reid, 2023).

Its self-organising behaviour has also been explored in
unconventional computing, including network and
optimisation-based tasks (Adamatzky, 2015; Taylor et
al., 2015).

This makes the organism interesting as a biological
computing substrate.

Another advantage is its ability to work with electronic
components. Tarabella et al., (2015) demonstrated a
hybrid system using P. polycephalum and PEDOT: PSS,
showing that biological and electronic components can
operate together.

Its continuously changing physiological state may also
provide variable electrical outputs, which could be
relevant to neuromorphic systems. However, reliable
multilevel memory behaviour has not yet been
established.

Claims such as high scalability, high endurance, fast
switching and reliable non-volatile memory should not
currently be considered established advantages of P.
polycephalum.

Limitations

Biological variability: The physiological condition, age,
morphology and growth state of the plasmodium can
affect its electrical response. This can make repeated
experiments less predictable.

Environmental dependence: Temperature, humidity,
light, nutrients and other conditions influence the
organism and therefore need to be controlled.

Limited  stability: = The plasmodium changes
continuously and may not maintain the same electrical
properties for long periods. Suitable culture and
receptacle conditions are therefore important (Braund
and Miranda, 2017).

Reproducibility: Different samples and experimental
conditions may produce different I-V responses. The
contrasting findings of Gale et al., (2014) and Schmidt ez
al., (2025) further show the need for controlled
measurements.
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Table.1 Comparison of Conventional and Biological/Biohybrid Memristive Systems

Feature Conventional memristor Biological/biohybrid system

Material Usually fabricated from engineered electronic Contains a biological material or living component,
materials such as metal oxides, polymers or sometimes combined with an electronic or organic
other solid-state materials. material.

Conductance Conductance is controlled by physical or Electrical response may depend on biological, ionic,

change electronic processes within the device material. | electrochemical or electrophysiological processes.

Memory Electrical resistance or conductance depends on | The electrical response may depend on the previous
previous electrical stimulation. state or stimulation history of the biological component.

Adaptability Behaviour is mainly determined by device Living systems can respond dynamically to
design and operating conditions. environmental or electrical stimuli.

Environmental = Usually operated under controlled physical and = Biological state can be affected by factors such as

dependence electrical conditions. temperature, hydration, growth state and other

environmental conditions.

Reproducibility | Fabrication and operating conditions can Biological variability and changes in physiological state
generally be standardized. can make reproducibility more difficult.

Integration Designed for direct integration with May require a biological—electronic interface and

conventional electronic circuits.

careful control of the living component.

Sources: Tzouvadaki et al., (2023); Wang et al., (2023); Gale et al., (2014); Tarabella ef al., (2015); Braund and Miranda (2017).
Note: The biological/biohybrid column describes general characteristics of reported biological and hybrid systems rather than a
single device. Biological systems should not automatically be classified as true memristors solely from the presence of hysteresis.

Table.2 Reported Experimental Factors Affecting Physarum Electrical and Memristive Behaviour

Factor Experimental variable Reported observation

Voltage Different applied voltage Higher voltage ranges produced clearer memristive curves in the original

range ranges experiments; low-voltage measurements could show open-loop responses
(Gale et al., 2014).

Frequency Different voltage Over the frequency range tested by Gale ef al., (2014), the shape of the

waveform frequencies memristance curves was qualitatively similar and no clear frequency-

dependent change was observed.

Electrode Electrode type/material | In the original Physarum tube experiments, different electrode types produced
no clear electrical difference apart from mechanical effects. In a later
Physarum-PEDOT: PSS hybrid transistor, Ag, Au and Pt electrodes produced
different electrical responses (Gale et al., 2014; Tarabella et al., 2015).

Light Dark versus fluorescent | The presence or absence of light did not produce a clear change in the

light memristive [-V curves, although changes in the organism's natural electrical

oscillations were observed after light exposure (Gale ef al., 2014).

Repeated Successive voltage Repeated voltage applications were associated with increased resistance and

stimulation applications thinning or abandonment of the protoplasmic tube, suggesting that repeated
electrical testing can alter the biological component (Gale ez al., 2014).

Time / Repeated measurements | Standardized receptacle-based components maintained memristive curves for

component on successive days at least 7 days, with some samples remaining functional beyond 7 days

age (Miranda and Braund, 2017).

Biological Growth and Electrical measurements depend on the presence and condition of the living

condition physiological state of the | plasmodium; abandoned tubes showed substantially different electrical

plasmodium

behaviour (Gale et al., 2014).

Sources: Gale et al., (2014); Tarabella et al., (2015); Miranda and Braund (2017).
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Table.3 Comparison of Selected Biological/Microbial Systems Investigated for Bioelectronic or Memristive

Biological
system
Physarum
polycephalum

Fungal
mycelium

Lentinula
edodes

(shiitake)
mycelium

Electroactive
bacteria

Saccharomyces
cerevisiae

(yeast)

Electrical/bioelectronic
property
Electrical activity,
ionic/electrochemical
responses and interaction
with electronic interfaces

Electrical signal propagation
and adaptive electrical
responses through
interconnected hyphae

Electrical switching and
signal processing through
mycelial networks

Extracellular electron
transfer and electrochemical
communication with
electrodes

Programmable biological
information processing and
possible coupling of
biological states with
electronic systems

Behaviour

Memristive

evidence
Earlier studies
reported memristive-
like I-V behaviour;
later work has
questioned whether
the response is
genuinely
memristive (Gale et
al., 2014; Schmidt et
al., 2025).

Fungal mycelia have
been reported to
show memristive
properties together
with capacitive and
sensing behaviour
(Mayne et al., 2023).

Recent experiments
reported fungal
memristors with
reproducible
memory effects and
operation at higher
frequencies
(LaRocco et al.,
2025).

Direct memristor
evidence is not
established as a
general property;
research mainly
focuses on microbial
bioelectronics and
electrochemical
interfaces.

No established
evidence in the cited
literature for
classifying yeast
itself as a memristor.

Potential application

Unconventional
computing, sensing
and biohybrid
electronics

Signal processing,
sensing and
unconventional
computing

Neuromorphic
computing and
sustainable
bioelectronics

Biosensors,
bioelectrochemical
systems and energy
conversion

Synthetic biology,
biological information
processing and future
biohybrid systems

Key limitation

Biological
variability,
reproducibility and
uncertainty about
the physical
mechanism

Electrical responses
can vary between
samples and
biological
connections may be
fragile

Still an emerging
system requiring
further independent
validation and
standardization

Dependence on
bacterial species,
metabolic state and
electrode interface

Electronic
interfacing and
reliable conversion
of biological states
into electronic
signals remain
challenging

Sources: Gale et al,, (2014); Mayne et al., (2023); Tzouvadaki et al., (2023); LaRocco et al., (2025);
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Figure.1 Schematic representation of the characteristic pinched hysteresis response of a memristive system.
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Source: Lenz, M. (n.d.) Wikimedia Commons.

Figure.2 Life Cycle of Physarum polycephalum.
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Figure.3 Proposed mechanism of Physarum memristive behaviour.
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Figure.4 A scheme of experimental setup: (a) Physarum, (b) agar blobs, (c) electrodes, (d) protoplasmic
tube. All parts of Physarum shown in dark grey form a single cell. Source: Gale, Adamatzky and de Lacy
Costello (2014)

Electrode interface: Electrode material, geometry and
contact with the plasmodium can influence the measured
signal.

Scalability: Producing large numbers of similar living
devices is more difficult than fabricating conventional
electronic ~ components  because the  organism
continuously changes its structure.

Maintenance: Unlike solid-state devices, the biological
component requires suitable environmental conditions
and regular maintenance.
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Research Gaps

The main research gap is the incomplete understanding
of the electrical behaviour of P. polycephalum. It remains
necessary to separate biological effects from capacitive,
electrochemical and resistive effects.

The exact mechanism of the reported memristive
behaviour is also unresolved. Membrane activity, ionic
processes, cytoplasmic streaming and physiological
changes may contribute, but no single mechanism has
been established.
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Schmidt et al., (2025) further highlighted this problem by
reproducing observed electrical responses using resistor—
capacitor circuits. Standardised protocols are therefore
needed to test whether the organism shows genuine
history-dependent conductance.

Variation between biological samples also needs greater
attention. Future studies should provide better
information about the condition of the plasmodium and
use repeated measurements under controlled conditions.

Standardised culture systems are another important area.
Braund and Miranda (2017) showed that suitable
receptacles can help improve the growth and
maintenance of slime mould components. Further
development may improve reproducibility.

Long-term maintenance and contamination are also
practical concerns because the device contains living
material. Appropriate culture and handling procedures
will therefore be necessary.

Finally, claims about cognition or biological intelligence
should be made carefully. Physarum shows complex
adaptive behaviour, but this should not automatically be
equated with human-like cognition (Reid, 2023).

Overall, the main requirement is to move from
interesting laboratory observations towards controlled,
reproducible and  better-understood  bioelectronic
systems. At present, P. polycephalum is better considered
a promising experimental biological substrate than a
mature electronic technology.

Future Perspectives

Future work on P. polycephalum-based bioelectronics
should mainly focus on improving reproducibility and
understanding the biological basis of its electrical
behaviour.

Standardisation is an important first step. Culture
conditions, plasmodial growth, electrode placement and
measurement procedures should be controlled to reduce
variation between experiments. Researchers have already
investigated standardised receptacles and culture
methods for slime mould bio-memristors (Braund and
Miranda, 2017).

The biological-electronic  interface also needs
improvement. Electrode material, geometry and contact
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with the plasmodium can affect the measured response.
Hybrid materials such as conducting polymers may
provide useful approaches for improving this interface
(Tarabella et al., 2015; Dimonte et al., 2016).

Another major requirement is to clarify the mechanism
of the reported electrical behaviour. Earlier studies
reported memristive-like -V characteristics, whereas
Schmidt et al., (2025) showed that capacitive effects
could explain similar responses in their experiments.
Future studies should therefore include suitable electrical
controls to distinguish true history-dependent behaviour
from capacitive or other effects.

Long-term stability and reproducibility also need further
study. The effects of organism age, repeated stimulation
and environmental conditions should be examined using
controlled experiments. Once individual biological
components become more reliable, multiple Physarum-
based elements could be combined with electronic
circuits.

In the longer term, Physarum may contribute to
biohybrid and neuromorphic systems, where the living
component provides adaptive or sensing functions while
conventional electronics provide processing and
communication (Wang et al., 2023; Tzouvadaki et al.,
2023).

Comparison with other biological materials, including
fungal mycelium, may also help identify useful
properties for future bioelectronics (LaRocco et al,
2025).

Overall, future research should focus on reproducible
devices with clearly understood mechanisms rather than
only demonstrating memristor-like electrical curves.

In conclusion, Physarum polycephalum is an unusual
biological system with dynamic growth, environmental
responsiveness and measurable electrical activity. Earlier
studies reported -V characteristics showing memristive-
like behaviour and suggested its possible use in
bioelectronic systems (Gale et al., 2014; Gale et al.,
2016).

Its ability to reorganise, respond to stimuli and interact
with electronic components provides potential for
unconventional computing, sensing and biohybrid
systems (Adamatzky, 2015; Tarabella et al, 2015).
However, the interpretation of its electrical behaviour as
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true memristance remains uncertain. Schmidt et al,
(2025) showed that capacitive effects could reproduce
some of the observed electrical characteristics.

The major challenges are biological variability,
environmental dependence, reproducibility, stability and
the biological—electronic interface. The exact mechanism
behind the reported memristive-like response also
requires further study.

Overall, P. polycephalum remains a useful experimental
system for studying the connection between living
organisms and electronics. Further work should focus on
standardisation, mechanism, reproducibility and stable
biohybrid interfaces before practical applications can be
established.
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